Cell-penetrating peptides are short cationic peptides with the property of translocating across the plasma membrane and transferring macromolecules otherwise unable to permeate cell membranes. We investigated the potential ability of the protein transduction domain derived from amino acids 47-57 of the human immunodeficiency virus type 1 (HIV-1) TAT (transactivator of transcription) protein to be used as a nanocarrier for the delivery of aequorin, a Ca 2+ -sensitive photoprotein widely used as a reliable Ca 2+ reporter in cell populations. The TAT peptide, either covalently linked to apoaequorin or ionically bound to plasmids encoding differentially targeted aequorin, was supplied to plant suspension-cultured cells. The TAT-aequorin fusion protein was found to be rapidly and effectively translocated into plant cells. The chimeric molecule was internalized in fully active biological form and at levels suitable to monitor intracellular Ca 2+ concentrations. Plant cells incubated for just 5 min with TAT-aequorin responded to different environmental stimuli with the expected Ca 2+ signatures. On the other hand, TAT-mediated plasmid internalization did not provide the necessary level of transformation efficiency to allow calibration of luminescence signals into Ca 2+ concentration values. These results indicate that TAT-mediated aequorin transduction is a promising alternative to traditional plant transformation methods to monitor intracellular Ca 2+ dynamics rapidly and effectively in plant cells.
Cell-penetrating peptides are short cationic peptides with the property of translocating across the plasma membrane and transferring macromolecules otherwise unable to permeate cell membranes. We investigated the potential ability of the protein transduction domain derived from amino acids 47-57 of the human immunodeficiency virus type 1 (HIV-1) TAT (transactivator of transcription) protein to be used as a nanocarrier for the delivery of aequorin, a Ca 2+ -sensitive photoprotein widely used as a reliable Ca 2+ reporter in cell populations. The TAT peptide, either covalently linked to apoaequorin or ionically bound to plasmids encoding differentially targeted aequorin, was supplied to plant suspension-cultured cells. The TAT-aequorin fusion protein was found to be rapidly and effectively translocated into plant cells. The chimeric molecule was internalized in fully active biological form and at levels suitable to monitor intracellular Ca 2+ concentrations. Plant cells incubated for just 5 min with TAT-aequorin responded to different environmental stimuli with the expected Ca 2+ signatures. On the other hand, TAT-mediated plasmid internalization did not provide the necessary level of transformation efficiency to allow calibration of luminescence signals into Ca 2+ concentration values. These results indicate that TAT-mediated aequorin transduction is a promising alternative to traditional plant transformation methods to monitor intracellular Ca 2+ dynamics rapidly and effectively in plant cells.
Introduction
Since the discovery of the translocation properties of the TAT (transactivator of transcription) protein from human immunodeficiency virus type 1 (HIV-1) (Frankel and Pabo 1988, Green and Loewenstein 1988) , there has been accumulating evidence for the ability of different cell-penetrating peptides (CPPs) to overcome the permeability barrier represented by the cell membrane. CPPs, also referred to as protein transduction domains (PTDs), are peptides of <20 amino acids, highly enriched with basic residues (especially arginine). They are protein derived or ad hoc designed, and share the common ability to promote intracellular cargo delivery in living cells (ElAndaloussi et al. 2005, Sawant and Torchilin 2010) . The unique property of CPPs to pass through biological membranes and efficiently translocate their cargo intracellularly has attracted a great deal of interest for a wide range of biotechnological applications, i.e. the simple and cost-effective delivery of therapeutic drugs, proteins and nucleic acids, such as plasmids encoding proteins or double-stranded RNAs for posttranscriptional gene silencing. The mechanism by which CPPs transport macromolecules into living cells is still partially unresolved, and possibly differs depending on the nature of the cargo, as well as on the cell type (Mäe and Langel 2006, Stewart et al. 2008) . Compared with the huge amount of data available on the cellular uptake of CPPs by animal cells, knowledge of their ability to traverse the surface of plant cells, represented by the cell wall-plasma membrane continuum, has lagged behind for a long while. Nevertheless, in the last few years there has been Plant Cell Physiol. 52(12): 2225-2235 (2011) doi:10.1093/pcp/pcr145, available online at www.pcp.oxfordjournals.org ! The Author 2011. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com a surge of papers in the plant field (Unnamalai et al. 2004 , Chang et al. 2005 , Wang et al. 2006 , Chugh and Eudes 2008a , Chugh and Eudes 2008b , Chugh et al. 2009 , Mizuno et al. 2009 , Lu et al. 2010 , Qi et al. 2011 ) which attested to the versatility and potential universality of CPP-mediated gene and protein delivery Chugh 2008, Chugh et al. 2010) .
In this work we have evaluated the potential of the TAT peptide-the PTD derived from amino acids 47-57 of the HIV-1 TAT protein-as an alternative carrier strategy for the intracellular delivery of Ca 2+ reporters of protein nature into plant cells. Towards this aim, soybean (Glycine max L.) suspension-cultured cells were treated with the TAT peptide either covalently fused with the bioluminescent Ca 2+ indicator aequorin or ionically interacting-directly or indirectly-with plasmids encoding cytosolic and nuclear aequorin, respectively. Although the TAT-mediated gene delivery did not provide the necessary level of cell transfection required for Ca 2+ measurement assays, the transduction of aequorin as a recombinant fusion protein with the TAT peptide turned out to be a fast and efficient way to internalize a fully functional Ca 2+ probe in plant cells. On the basis of the obtained data, we propose TAT-mediated intracellular transduction of aequorin as an innovative tool to monitor Ca 2+ -based signaling events in living cells, without the need for the traditional time-consuming transformation procedures.
Results

Cellular internalization of the TAT-aequorin fusion protein
Suspension-cultured soybean cells were incubated for different time intervals with the TAT-aequorin fusion protein (30 mM). Western blot analysis of total protein extracts was used to monitor cellular internalization of TAT-aequorin and to plot the kinetics of the fusion protein availability inside cells. TATaequorin, which was absent in untreated cells, displayed a strong immunoreactive band after just 5 min of cell incubation with the recombinant protein (Fig. 1A) . The total amount of internalized protein appeared to decrease over time, being still present after 4 h of treatment and negligible after 24 h (Fig. 1A) . These results indicate that TAT-aequorin is rapidly and efficiently translocated into soybean cells, although the time frame of cellular bioavailability of the fusion protein is probably limited by in vivo proteolysis events. Reconstitution of TATaequorin with its prosthetic group coelenterazine could not significantly prolong the stability of the protein (data not shown). Fig. 1B shows a similar trend of protein uptake and turnover in soybean cells incubated with an uncorrelated TAT-fused protein, DJ-1, encoded by a Parkinson's disease-linked gene (Batelli et al. 2008) .
Immunofluorescence experiments demonstrated the cytosolic localization of the fusion protein in soybean cells that had been incubated with TAT-aequorin for 5 min. The fluorescence signal, limited to a thin layer at the cell periphery surrounding the large vacuole, was found to be present in the vast majority of the cell population ( Fig. 2A  0 ) . Incubation of cells with different concentrations (2, 5, 20 and 30 mM) of TAT-aequorin resulted in the same percentage of cells (about 90%) that had internalized the fusion protein (data not shown), suggesting a highly efficient intracellular translocation of the TAT peptide and its covalently linked cargo. The localization of TATaequorin remained unchanged after 2 h, and clearly distinguishable from nuclei, as shown by 4 0 ,6-diamidino-2-phenylindole (DAPI) staining ( Supplementary Fig. S1 ). This time interval approximately corresponded to the time lapse between the exogenous addition of the fusion protein to cells and the Ca 2+ measurement assays to be performed at the luminometer. It was then checked whether the fusion protein was internalized by plant cells not only rapidly and efficiently, but also in a biologically active form. The incubation of soybean cells for a fixed time interval (5 min) with increasing concentrations of TAT-aequorin showed gradually enhanced levels of luminescence emission by the cell suspensions. The data obtained indicate that the cellular uptake of TAT-aequorin is dose dependent and non-saturable, at least in the concentration range examined (Fig. 3) . Preliminary experiments demonstrated that incubation of cells with coelenterazine (2 h), necessary to reconstitute functional aequorin, was more conveniently carried out before TAT-aequorin treatment, in order to maximize the time interval available for Ca 2+ measurements, before the level of internalized Ca 2+ reporter dropped to subthreshold values (data not shown). To measure the level of TAT-aequorin inside cells, luminescence was converted into protein concentration by in vitro calibration with purified recombinant TAT-aequorin. The luminescence emitted by the soybean suspension cell cultures incubated with the highest treatment dose (30 mM), although 5-10 times lower than that exhibited by a soybean cell line stably expressing cytosolic aequorin by means of biolistic transformation Fig. 1 Western blot analysis assessing the availability of TAT-fused proteins inside soybean cells. Cells were incubated in the presence of 30 mM TAT-aequorin (A) or 3 mM TAT-DJ-1 (B) for the reported times. Total protein extracts (50 mg) were separated by 12.5% SDS-PAGE, transferred onto PVDF and incubated with an anti-polyHis antibody. (Mithöfer et al. 1999) , is compatible with aequorin-based Ca 2+ measurement assays and light conversion into Ca 2+ concentration values in a physiological range (data not shown). It has to be noted that establishing the concentration of internalized TAT-aequorin on the basis of an in vitro calibration curve may lead to a substantial underestimation of the actual level of the intracellular Ca 2+ probe, because of substances possibly interfering in vivo with the aequorin-derived light signal.
When the treatment with the TAT-fused protein was carried out at low temperature (4 C), the level of luminescence emission by the cell suspension cultures was found to be significantly lower than that detected in cells incubated at 24 C ( Supplementary Fig. S2 ).
To check whether protein internalization could induce cytotoxicity, cell viability was assessed 2 h after the 5 min treatment with 30 mM TAT-aequorin. The percentage of dead cells in the cell population that had been subjected to TAT-aequorin treatment did not differ significantly from that of control cells (Fig. 4) , indicating that the cellular internalization of the recombinant protein did not have cytotoxic effects on soybean cells.
Measurements of Ca 2+ dynamics in soybean cells pre-incubated with TAT-aequorin
Soybean cells were loaded with the bioluminescent Ca 2+ reporter by 5 min incubation with TAT-aequorin and then ] i ) were monitored in response to touch (1 vol. of culture medium), cold shock (3 vols. of culture medium kept at 4 C), hyperosmotic shock (600 mM mannitol or 300 mM NaCl), oxidative stress (1 mM H 2 O 2 ) and high extracellular Ca 2+ (10 mM). In all cases, transient [Ca 2+ ] i elevations were detected (Fig. 5) , with kinetic patterns comparable with those obtained in the soybean cell line 6.6.12 stably expressing aequorin, after challenge with the same stimuli ( Fig. 5, insets) . The effect of pre-treatment with the extracellular Ca 2+ chelator EGTA or the Ca 2+ channel blocker LaCl 3 , which depends on the origin of the stimulus-specific Ca 2+ signal, confirmed that TAT-aequorin-dependent luminescence reflects changes in [Ca 2+ ] i . Taken together, these data demonstrate that TAT-mediated protein transduction is a rapid and efficient method to transfer intracellularly a functional Ca 2+ probe of protein nature in plant cells.
Nanocarrier-plasmid DNA complex formation and delivery into plant cells and protoplasts
We next evaluated the potential of the TAT peptide to transfer into plant cells not only covalently linked proteins (see above), but also plasmids containing genes of interest, by means of ionic interactions. Towards this aim, a TAT peptide reproducing the translocation domain of the HIV-1 TAT protein included between amino acid positions 47-57 (YGRKKRRQRRRGC) was synthesized, and PEI-PEG-TAT conjugates in which the TAT peptide was covalently coupled to 25 kDa polyethylenimine (PEI) through heterobifunctional polyethyleneglycol (PEG) spacers were constructed. The TAT peptide, covalently bound to a PEG-PEI co-polymer, has been previously shown to be a promising gene delivery vehicle in animals (Kleemann et al. 2005) .
To analyze the transfection potential of the different nanocarrier systems, a plasmid carrying the gene for the yellow fluorescent protein (pYFP) was initially used for a rapid screening of the cells that internalized the polyplexes and expressed the transgenic gene. Soybean cells were treated for 1 h with TAT-pYFP complexes, prepared with a ratio of 3 between the positive charge of the carrier and the negative charge of DNA (N/P), which had been previously shown to be the optimal N/P ratio for plasmid DNA delivery in plant cells ). As controls, cells were treated with the cell culture medium alone or containing either pYFP or the TAT peptide. Fluorescence microscopic observations carried out 48 h after treatment demonstrated a low transfection efficiency, with a percentage of positively transfected cells never exceeding 5-10% of the total cell population (Fig. 6D 0 ). Similar results were obtained when the plasmid DNA was complexed with the cationic polymer PEI and PEI-DNA complexes were administered to soybean cells at an N/P ratio of 6. PEI, which is widely used as non-viral gene delivery system in animal cells (Lungwitz et al. 2005) , has recently been applied for transient expression of transferred genes in Arabidopsis protoplasts (Ying et al. 2009 ) and post-transcriptional gene silencing in rice cell cultures, in conjunction with sonoporation (Cheon et al. 2009) . Fig. 6G 0 shows that sonoporation itself allowed a small but detectable uptake of plasmid DNA (Liu et al. 2006 ). The transfection efficiency was enhanced by the use of PEI as nanovector (Fig. 6H 0 ), although at levels comparable with those obtained with the TAT-based carrier system. Not even the use of newly engineered nanocarriers based upon the TAT peptide covalently coupled to PEG-PEI significantly increased the DNA delivery efficiency, still yielding a modest percentage of transfected cells, under the experimental conditions we used (N/P ratios of PEI-PEG-TAT complexation with plasmid DNA from 6 to 20; data not shown).
To check whether the modest percentage of cells exhibiting yfp gene expression, as measured by YFP-dependent fluorescence, may be due to hindrances caused by the plant cell wall, the same experiments with the different nanocarrier-pDNA complexes were carried out with protoplasts obtained from enzymatic digestion of the cell wall from either soybean or carrot cell suspension cultures ( Supplementary Fig. S3 ). Although protoplast viability, as judged by trypan blue staining, was not significantly altered by the treatment with any of the above-described polyplexes, the transfection efficiency did not undergo any significant increase (data not shown). These data suggest that: (i) the plant cell wall does not hamper by itself the internalization of the different nanocarrier-plasmid DNA complexes; and (ii) the uptake occurs irrespective of the different plant cell types. Exponentially growing cells were incubated with 30 mM TATaequorin for 5 min (black bar). Viability was assayed by the Evans blue method 2 h after the end of the treatment period. Cells cultured without TAT-aequorin were taken as a control (white bar). The 100% value corresponds to cells treated for 10 min at 100 C (gray bar). Data are the means ± SD of three experiments.
Applicability of nanocarrier-mediated DNA delivery to aequorin-based Ca 2+ measurements
To check the applicability of the above alternative methods for gene delivery to aequorin-based Ca 2+ measurements in plant cells, two constructs encoding cytosolic-and nucleoplasmtargeted aequorin (pcytAEQ and pnucAEQ), respectively, were complexed with the nanovectors TAT, PEI and PEI-PEG-TAT, and administered to soybean cultured cells. The transfection efficiency was analyzed by monitoring the luminescence emission of the cell suspensions 48 h after incubation with the nanocarrier-plasmid DNA system. Fig. 7A and B shows the luminescence levels recorded in soybean suspensions incubated with pcytAEQ and pnucAEQ, respectively, complexed with the different nanocarrier systems. In no cases were the luminescence levels sufficient to allow intracellular Ca 2+ measurements, by calibration of the light signal into cytosolic or nuclear Ca 2+ concentration values. Neither increasing the N/P ratios in the formation of the polyplexes between the oligopeptide TAT and plasmid DNA, nor the use of PEI-PEG-TAT conjugates, improved the transfection efficiency (Fig. 7) . The transgenic soybean cell line 6.6.12 in which a plasmid carrying the cytosolic aequorin cDNA was introduced by particle bombardment (Mithöfer et al. 1999 ) displayed about 100 times higher luminescence levels (data not shown).
At this stage, the low percentage of positively transfected cells, although not representing a seriously limiting factor for imaging single cell studies (Chugh and Eudes 2008b) , makes the nanocarrier-based approach unsuitable for aequorin-based measurements of [Ca 2+ ] i in cell populations. Further experiments will be necessary to improve the intracellular delivery efficiency of nanoparticles with CPPs in plant cells, possibly by adapting protocols already set up in animal systems (Sawant and Torchilin 2011) .
Discussion
In this study we have investigated the possibility of using the TAT peptide, the first CPP identified and the most extensively studied so far, as a molecular carrier to deliver an active Ca 2+ probe of protein nature into plant cells. Towards this aim, a newly engineered recombinant protein produced by the fusion of the TAT peptide at the N-terminus of the Ca 2+ -sensitive photoprotein aequorin was administered to soybean cell cultures and the cell suspensions were subsequently used in Ca 2+ measurement assays at the luminometer. The technique based on the recombinant expression of aequorin is commonly considered as one of the most reliable and sensitive methods to monitor dynamic Ca 2+ changes in cell populations (Brini 2008) . Western blot analyses of protein extracts as well as bioluminescence measurements demonstrated the ability of the TAT peptide to translocate the covalently linked aequorin cargo rapidly (5 min), efficiently, in a concentration-dependent manner and in a fully biologically active form. Literature data confirm the capacity of CPPs to transfer protein cargos that are 100-fold higher in molecular weight than their own (Chugh et al. 2010) . The good levels of bioluminescence emission by the suspension-cultured cells, together with the strong immunofluorescence labeling of the major part of the cell population, indicated the remarkable efficiency of the TAT-mediated translocation of aequorin. The cytosolic localization of the fusion protein, demonstrated by immunofluorescence analysis, was further supported by the kinetics of the Ca 2+ fluxes triggered in soybean cells (previously incubated with TAT-aequorin) by different environmental stimuli, which were found to be similar to the Ca 2+ traces exhibited by the transgenic soybean cell line 6.6.12 stably expressing aequorin in the cytosol (Mithöfer et al. 1999) .
The fairly rapid decrease in the intracellular level of TATaequorin within 24 h of cellular uptake, independently of reconstitution of the apoprotein with its prosthetic group coelenterazine, indicates the necessity of performing Ca 2+ measurements within a relatively narrow time frame. A rapid turnover of proteins fused to CPPs as a result of in vivo proteolysis events has been previously reported to limit the bioavailability of CPPs and their cargo (Eggenberger et al. 2009 ).
In both plant cells and protoplasts a higher cellular uptake of CPPs has been observed at low temperatures (Rosenbluh et al. 2004, Chugh and Eudes 2008a) , suggesting that CPP entry may not involve endocytosis but rather a direct translocation across the plasma membrane. When cell incubation with TATaequorin was carried out at 4 C, total light emissions from the cell suspension cultures were found to be significantly reduced. This could be due to the fact that low temperature sensing by plants involves an immediate rise in cytosolic free Ca 2+ concentration (Plieth et al. 1999) . As a consequence, part of the TAT-aequorin molecules were readily discharged upon internalization into the cells kept at 4 C, resulting in a lower total level of luminescence emission during subsequent Ca 2+ measurement assays.
The ability of the TAT peptide to function as a nanovehicle for plasmids encoding either YFP or aequorin targeted to the cytosol/nucleus was found to be modest, resulting in only a low percentage of the cell population showing a fluorescent signal and low levels of bioluminescence emission by the cell suspensions, respectively. The different capability of the TAT peptide as delivery carrier for proteins or plasmid DNA may be related to the type of cargo and complex size (Choi et al. 2006, Gump and Dowdy 2007) , as well as to differential mechanisms of cell entry. Increasing evidence suggests that the passage of TAT-pDNA complexes into cells may be mediated by an endocytosis/macropinocytosis mechanism, rather than by a direct translocation mechanism. When CPPs are complexed to macromolecules by means of electrostatic interactions, the positive charges of the basic oligopeptides would be partly involved in DNA complexation and condensation, resulting in a reduced ability to interact with cell membranes in the classical mode (El-Andaloussi et al. 2005 , Stewart et al. 2008 . Modest transfection efficiencies have also been reported in wheat immature embryos (Chugh and Eudes 2008b) and triticale microspores (Chugh et al. 2009 ). An interesting perspective to increase the gene transfer ability of the TAT peptide is represented by a recently developed variant in which the oligopeptide sequence has been mutagenized into a functional nuclear localization signal, to ensure effective nuclear accumulation of peptide-cargo complexes (Cardarelli et al. 2008) .
Taken together, the above data indicate that, although gene transfer mediated by direct or indirect complexation of the TAT peptide with plasmid DNA should be optimized, intracellular transduction of Ca 2+ indicators of protein nature (such as aequorin) by means of TAT peptide-protein cargo fusions can be successfully applied to Ca 2+ -based signal transduction studies.
In this work suspension-cultured plant cells have been used as a simplified experimental system ideal for an accurate quantification of the fusion protein uptake and aequorin-based Ca 2+ measurements. Transient Ca 2+ elevations generated in response to different physiological stimuli may indeed be amplified in homogeneous cell populations, with respect to the Ca 2+ changes recorded in plants in toto, where the complexity of the organism may hamper the detection of low Ca 2+ signals (Navazio et al. 2007 ). Since CPPs have been shown to enter Arabidopsis and barley seedlings, although with variable efficiency among different plant tissues (Qi et al., 2011) , future experiments will be carried out by using in planta systems. This innovative procedure to load Ca 2+ reporters into living cells may indeed be useful for plant species commonly considered as recalcitrant to transformation.
Future work will also be aimed at the design of TAT-fused aequorin chimeras for the controlled delivery of Ca 2+ probes to relevant subcellular domains, e.g. the nucleus, chloroplasts, mitochondria and peroxisomes. It is becoming increasingly apparent that Ca 2+ fluxes across organellar membranes may not only shape cytosolic Ca 2+ signatures but also regulate essential metabolic processes inside organelles (Mazars et al. 2009 , Mc Ainsh and Pittman, 2009 , Costa et al. 2010 ).
Materials and Methods
Plant cell cultures
Soybean (G. max L.) suspension cell cultures (SB-P; Horn et al. 1983 ) and the transgenic cell line 6.6.12 stably expressing cytosolic aequorin (Mithöfer et al. 1999) were kindly provided by A. Mithöfer (Jena, Germany). They were grown and subcultured every 3 weeks in Murashige and Skoog medium, supplemented with 0.5% (w/v) sucrose, 0.2 mg ml À1 kinetin, 1 mg ml À1 a-naphthalene acetic acid, pH 5.7, with or without 10 mg ml À1 kanamycin, as appropriate. Carrot (Daucus carota L.) suspension cell cultures were grown and subcultured weekly in basal B5 medium, supplemented with 2% (w/v) sucrose, 0.5 mg ml À1 2,4-dichlorophenoxyacetic acid, pH 5.5. They were maintained at 24 C on a rotary shaker (80 r.p.m.) under a 16/8 h light/dark photoperiod.
Protoplast isolation was carried out from 7-day-old soybean cell cultures and 5-day-old carrot cell cultures by incubating in the dark 2 ml of packed cell volume with 5 vols. of 0.75% (w/v) cellulase 'Onozuka' R-10, 0.25% (w/v) macerozyme Õ R-10 (Yakult Honsha Co., Ltd.), 0.55 M mannitol in cell culture medium for 2 h (G. max L.) or overnight (D. carota L.). Protoplasts were isolated by filtration through 55 mm nylon meshes, centrifuged at 60 Â g for 5 min at room temperature, washed twice with isosmotic buffer (0.55 M mannitol in cell culture medium) and resuspended at a final density of 10 6 protoplasts ml À1 .
Generation of TAT-fused aequorin
To generate the TAT-aequorin fusion protein, the entire sequence coding for cytosolic apoaequorin (cytAEQ) (Brini et al. 1995) was amplified by PCR to obtain XbaI 5 0 and EcoRI 3 0 sites. The primers used to amplify the cassette were: 5 0 CTCTAGAAT GAAGCTTTATGATGTTCCTGA3 0 and 5 0 AGGAATTCTTAGGG GACAGCTCCACCGTA3 0 . After digestion with XbaI and EcoRI, the amplicon was cloned in plasmid pTAT-aSynA30P (Recchia et al. 2008) between NheI and EcoRI sites in order to obtain plasmid pTAT-aequorin. After transformation of plasmid pTAT-aequorin in BL21 DE3 Escherichia coli bacterial cells, induction of recombinant protein was carried out at 37 C with 1 mM isopropyl-b-D-1-thio-galactopyranoside for 4 h. Cells were harvested by centrifugation at 3,000 Â g for 20 min at 4 C. The pellet was resuspended and sonicated in 6 M guanidium, 5 mM b-mercaptoethanol, 40 mM Tris-HCl pH 8.0. After centrifugation at 11,000 Â g for 30 min at 4 C to remove insoluble debris, the recombinant protein was purified using an Ni-NTA agarose column (Qiagen) in 6 M urea, 0.5 M NaCl, 5 mM b-mercaptoethanol, 40 mM Tris-HCl pH 8.0. Recombinant protein was eluted in 0.25 M imidazole, 0.5 M NaCl, 5 mM b-mercaptoethanol, 20% glycerol, 40 mM TrisHCl pH 8.0. After extensive dialysis in 0.5 M NaCl, 5 mM b-mercaptoethanol, 20% glycerol, 40 mM Tris-HCl pH 8.0, the protein was stored in aliquots at À80 C until use. Protein concentration was estimated with the " 280 nm of 1.86.
In some experiments, the previously engineered TAT-DJ-1 fusion protein (Batelli et al. 2008 ) was used as control.
Cloning of cytosolic aequorin cDNA
The apoaequorin cDNA fused to the first 27 nucleotides encoding the hemagglutinin epitope (HA1-AEQ) (Brini et al. 1995) was cloned between the Cauliflower mosaic virus (CaMV) 35S cassette and the CaMV 19S terminator using the XbaI/SacI cleavage site. The entire cassette CaMV 35S HA1-AEQ CaMV 19S was then amplified by PCR to obtain NotI 5 0 and XhoI 3 0 sites. The primers used to amplify the cassette were: 5 0 ATGGCG GCCGCGATATCGTACCCCTACTCCAAAAAT3 0 and 5 0 CATGC TCGCGGATATCGATCTGGATTTTAGTA3 0 . PCR was run with the following parameters: 1 min at 95 C as the first step; 30 s at 95 C, 30 s at 58 C, 2 min at 68 C for 30 cycles; and 5 min at 68 C as the final step using Advantage 2 Polymerase mix (Clontech) as Taq polymerase. The amplicon obtained was digested with NotI and XhoI, and inserted into the pGreen0029 vector cloning site (Hellens et al. 2000) . This plasmid contains the kanamycin resistance gene NptII.
Cloning of nucleus-targeted aequorin cDNA
The chimeric construct including the CaMV 35S promoter that controls the nucleoplasmin coding region placed in-frame with the apoaequorin cDNA (van der Luit et al. 1999 ) was obtained as an EcoRI fragment from the pBIN19 vector, kindly provided by C. Mazars (UMR CNRS/UPS, CastanetTolosan, France), and inserted into the pGreen0029 vector cloning site.
TAT-aequorin-based Ca 2+ measurements
Mid-exponential phase soybean suspension-cultured cells were incubated with 5 mM coelenterazine (Molecular Probes) for 2 h in the dark, washed three times with 4 vols. of fresh medium, and then incubated with TAT-aequorin for 5 min. After extensive washing, cells were left to rest for 30 min before Ca 2+ measurements. Luminescence measurements were performed with a custom-built luminometer (Electron Tubes Ltd.) containing a 9893/350A photomultiplier (Thorn EMI), as previously described (Navazio et al. 2007 ). The light signal was calibrated off-line into Ca 2+ concentration values by using a computer algorithm based on the Ca 2+ response curve of aequorin (Brini et al. 1995) . For quantitative measurement of cellular internalization of TAT-aequorin, total luminescence was integrated for a 200 s period after discharge with 0.33 M CaCl 2 in 10% ethanol. The detected bioluminescence was converted into TATaequorin concentration using a standard curve obtained by measuring the light signal from a dilution series of purified recombinant TAT-aequorin. When needed, cells were pre-treated for 10 min with 1 mM EGTA in Ca 2+ -free medium, or 3 mM LaCl 3 .
Cell viability assay
Cell viability was determined by 15 min incubation of the cell suspension with 0.05% (w/v) Evans blue. Excess and unbound dye was removed by extensive washing with distilled H 2 O. Dye bound to dead cells was solubilized in 1% (w/v) SDS, 50% (v/v) methanol for 30 min at 55 C and then quantified by measuring the absorbance at 600 nm (Baker and Mock 1994) . Protoplast viability was tested using the trypan blue staining method. After staining with 0.2% (w/v) trypan blue, viable protoplasts were counted using a hemocytometer.
Protein extraction, SDS-PAGE and Western blot analysis
Cells (about 100 mg FW) were harvested by centrifugation (2 min at 500 Â g) and lysed in 4 ml g À1 of 0.1 M Tris-HCl, 0.2 M NaCl, 0.2% Triton X-100, 1 mM EDTA, pH 7.8) supplemented with 1 mM leupeptin and 0.5 mM phenylmethylsulfonyl fluoride, by three cycles of 30 s each using a motorized pestle (Sigma-Aldrich), each one followed by 30 s incubation on ice.
Homogenates were centrifuged at 13,000 Â g for 5 min at 4 C and the supernatant was collected for SDS-PAGE analysis. Protein concentration was determined by the method of Bradford (1976) , using bovine serum albumin (BSA) as standard. Protein crude extracts were separated by SDS-PAGE (12.5% polyacrylamide) and transferred to a polyvinylidene difluoride (PVDF) membrane (Immobilon-P, Millipore). Filters were incubated with 5% skimmed milk, 0.1% Tween-20 in Tris-buffered saline (TBS) for 1 h and immunoblotted for 1 h with a monoclonal anti-polyhistidine antibody (Sigma-Aldrich) diluted 1 : 3,000. Filters were washed twice with 0.1% Tween-20 in TBS followed by one wash in TBS before incubation with the secondary antibody conjugated with alkaline phosphatase. Immune complexes were detected by color assay using nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (Sigma Fast TM BCIP/NBT) as substrates.
Immunofluorescence
Cells were fixed in 3.8% (w/v) paraformaldehyde in cell culture medium for 15 min. After extensive washing in phosphatebuffered saline (PBS), cells were sedimented onto poly-L-lysine coverslips and permeabilized with 0.1% (w/v) Triton X-100 in PBS for 3 min. Unspecific binding sites were blocked with 1% (w/v) BSA in PBS for 15 min. Specimens were subsequently processed for labeling with anti-polyhistidine antibody (diluted 1 : 250, 1 h at 37 C in a moist chamber) followed by Alexa Fluor 488 goat anti-mouse IgG (Invitrogen). All incubations were followed by three washes (2 min each) in PBS, 0.1% (w/v) Tween-20. Cells were observed under a Leica DM5000 B fluorescence microscope, with excitation at 450/490 nm and emission at 500/550 nm. Nuclei were counterstained with 2 mg ml À1 DAPI. Images were acquired with a Leica DFC425 C digital camera, using the LAS software.
TAT peptide synthesis
The peptide YGRKKRRQRRRGC was synthesized by a solid phase method on a pre-loaded Wang resin functionalized with the acid-labile 4-(hydroxymethyl)-phenoxyacetic acid linker (Novabiochem), using an automatized peptide synthesizer (Model Syro II, Multisyntech). The fluoren-9-yl-methoxycarbonyl (Fmoc) strategy (Fields and Noble 1990 ) was used throughout the peptide chain assembly, utilizing 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt) as coupling reagents for N a -Fmoc amino acids carrying standard side chain protective groups. Cleavage of the peptides was performed by reacting the peptidyl resins with a mixture containing trifluoroacetic acid/H 2 O/thioanisole/ethanedithiol/ phenol (10 ml/0.5 ml/0.5 ml/0.25 ml/750 mg) for 2.5 h. Crude peptides were purified by a preparative reverse phase HPLC. Molecular masses of the peptides were confirmed by mass spectroscopy with direct infusion on a Micromass ZMD-4000 Mass Spectrometer (Waters-Micromass). The purity of the peptides was about 95% as evaluated by analytical reverse phase HPLC.
Synthesis of PEI-PEG-TAT nanocarriers
The synthesis of PEI-PEG-TAT nanocarriers was carried out according to Kleeman et al. (2005) , with slight modifications. As a first step, heterobifunctional a-N-[(3-maleimido-1-oxopropyl) aminopropyl-o-(succinimidyloxy carboxy), polyoxyethylene (NHS-PEG-MA, mol. wt. 5 kDa, NOF American Corporation) was added and stirred to solutions of 0.11 mM PEI (branched PEI, mol. wt. 25 kDa and about 580 positive charges, Sigma-Aldrich) in 0.1 M sodium borate buffer at pH 5.5; two different PEG/PEI molar ratios (10/1 and 5/1) were prepared. The reaction was carried out for 6 h at room temperature. Then, the pH of the solution was adjusted to 6.5 with 1 N NaOH, and the TAT peptide was added (TAT amount determined on the basis of the concentration of Cys-SH groups; molar ratio TAT/ PEG = 1.1). The reaction was run for 16 h at room temperature. The PEI-PEG-TAT conjugate was separated from unreacted PEG and TAT peptide by gel filtration chromatography, using micro Bio-Spin 6P columns (Bio-Rad) and 0.1 M sodium borate buffer, pH 7.3.
The TAT peptide concentration of purified conjugates was calculated from the peak fluorescence intensity of emission spectra of the tyrosine residue (included in TAT peptide bound to PEI), using specific calibration curves obtained with TAT peptide as standard. According to the above-reported procedure, two types of nanocarriers were prepared, characterized by a different degree of 'pegylation' and conjugation with TAT: 'PEI-PEG-TAT 1/4' (1 molecule of PEI and 4.2 molecules of PEG-TAT) and 'PEI-PEG-TAT 1/7' (1 molecule of PEI and 7.2 molecules of PEG-TAT).
Complex formation
The complexes consisting of plasmid DNA and either TAT, PEI or PEI-PEG-TAT were prepared in sterile PBS at pH 7.0. Briefly, the DNA was added rapidly to the nanocarrier solution in a small volume (30 ml) and mixed by vortexing, followed by 30 min incubation at room temperature prior to use. When various nanocarrier nitrogen to DNA phosphate ratios (N/P) were investigated, the concentration of TAT, PEI or PEI-PEG-TAT solution was adjusted to the amount of DNA (10 mg ml 
Cell treatments with vector-plasmid DNA complexes
For cell treatments with the vector-plasmid DNA complexes, the plasmids encoding YFP (pYFP), cytosolic aequorin (pcytAEQ) and nuclear aequorin (pnucAEQ) were used. Mid-exponential phase suspension cells or protoplasts were extensively washed with cell culture medium at pH 7.0. The transfection mixture, given by the vector-pDNA complex in PBS (30 ml), was taken to 200 ml with cell culture medium (pH 7.0) and gently added to cells (10 6 cells ml
À1
). When the nanocarrier PEI and PEI-PEG-TAT were used, cells were subjected to sonoporation for 90 s (Bransonic Õ 1200), as described by Cheon et al. (2009) . After 1 h incubation with the vectorpDNA complexes, cells and protoplasts were washed three times and resuspended in culture medium. To analyze cellular internalization of the complexes and expression of the transgenic genes, fluorescence microscopic analyses and luminescence measurements were carried out after 48 h of treatment with pYFP and pcytAEQ/pnucAEQ, respectively. In this latter case, aequorin was reconstituted by incubation with 5 mM coelenterazine 2 h before Ca 2+ measurement assays.
Statistical analysis
Data are presented as means ± SD, and the differences between groups were assessed with the Student's t-test.
Supplementary data
Supplementary data are available at PCP online. 
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